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III-Nitride Double-Heterojunction Solar CellsI. INTRODUCTION
T HE increasing research interest in indium gallium nitride (InGaN) alloys for photovoltaic applications has been driven by their unique favorable properties, including a tunable bandgap covering the entire visible solar spectrum and high absorption coefficients [1] , [2] . Despite the theoretical potential, InGaN solar cells have demonstrated conversion efficiencies of less than 4% for both InGaN/GaN double-heterojunction (DHJ) [3] , [4] and InGaN homojunction devices [3] , [5] . The performance of InGaN-based solar cells is limited by critical material issues, such as phase separation, crystal quality, p-type doping, and polarization effects. Because of the immiscibility gap between InN and GaN, In-rich InGaN films commonly display compositional fluctuation or complete phase separation [6] . InGaN epilayers also exhibit high densities of de- fects, such as threading dislocations, V-pits, and stacking faults that act as shunt pathway and recombination centers. Finally, III-nitride semiconductors show spontaneous and piezoelectric polarization effects that can produce band bending and polarization barriers and, thus, degrade collection efficiency [7] , [8] . While homojunction devices are predicted to exhibit superior performance than DHJ structures [9] , experimental results show that DHJ are currently the most viable design because of these material challenges [10] . Nitride-based devices are typically grown by metal-organic chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE). Numerous studies of MOCVD-grown DHJ structures have been reported [3] , but very few reports exist on MBE-grown DHJ devices [11] . In this paper, we present InGaN/GaN DHJ solar cells with various InGaN film thicknesses and compositions grown by the RFplasma MBE including a functional DHJ cell with a record-high In content of 22%.
II. EXPERIMENTAL DETAILS
The n-GaN/i-InGaN/p-GaN DHJ solar cells were grown in a Riber 32 MBE system using a Veeco Unibulb plasma source. MOCVD-grown n-GaN (0 0 0 1) templates on sapphire with electron concentration 1-2 × 10 18 cm −3 and threading dislocation density ∼3 × 10 8 cm −2 were used as substrates. The p-i-n junction consists of a 500-nm n + -GaN, an unintentionallydoped InGaN absorption layer with various thicknesses and compositions, and a 90-nm p + -GaN. The InGaN layers were grown under N-rich growth conditions and low growth temperatures (450-500°C) [12] . The n + -and p + -GaN layers were grown at 600°C, using metal-modulated epitaxy, a shuttered growth technique that allows for high doping while maintaining good crystal quality [13] , [14] . Si and Mg were used as n-and p-type dopants, respectively. Electron and hole concentrations were calibrated using room-temperature Hall-effect measurements, and the carrier concentrations in the n + -and p + -GaN were 5 × 10 19 and 3 × 10 19 cm −3 , respectively. The heavy doping in the n + -and p + -GaN layers is intended to counterbalance the detrimental polarization effects. The high concentrations of ionized-dopant charge at the heterointerfaces is expected to impede the polarization-induced field that opposes carrier collection [15] . Since defect generation due to strain relaxation increases with both In composition and thickness, four devices (A, B, C, and D) with various combinations of InGaN thickness and In composition were grown, characterized, fabricated, and tested. Samples A and B are comprised of a 35-and 200-nm-thick ∼10% InGaN absorbing layer, respectively. Samples C and D are comprised of a 50-and 200-nm-thick ∼20% InGaN absorbing layer, respectively. The photovoltaic characteristics of both large-area (1 × 1 cm) and small-area (500 × 500 μm) devices were compared. The large-area devices use indium dots as metal contacts for both n-and p-GaN layers and had no antireflection coating or current spreading layers. The small-area devices were processed into 500 × 500 μm mesas by photolithography and inductively coupled plasma etching using a BCl 3 /Cl 2 chemistry. A thin layer of Ni/Au was deposited on the moderately resistive p-type layer to serve as a semitransparent current spreading layer to promote lateral conduction and, thus, enhance carrier collection. Ti/Al/Ti/Au and Ni/Au were used for the n-and p-contact pads, respectively, without postmetallization annealing. Due to the extremely-high doping achieved via RF-plasma MBE, the asdeposited contacts displayed ohmic behavior as measured with the circular transmission line model patterns. A typical device structure for the small-area devices is shown in Fig. 1 .
The structural properties and the surface morphology of the epitaxial layers were characterized by X-ray diffraction (XRD) and atomic force microscopy (AFM), respectively. The I-V characteristics of the small-area devices were measured using a continuous-wave Oriel Class A solar simulator equipped with a Xenon ARC lamp (AM1.5-1 sun). A reference solar cell was used to calibrate the spectral intensity. The power of the lamp was changed accordingly to obtain the desired concentration. The external quantum efficiency (EQE) was measured using an Oriel IQE-200. The performances of both large-area and small-area devices were tested and compared using a Solux broad-spectrum lamp (4700 K) with ultralow UV and under concentration (∼20×). Due to the deficiency of the blue/UV light of the Solux lamp, the performance of the devices presented herein is underestimated.
III. RESULTS AND DISCUSSIONS
XRD (0 0 0 2) 2θ-ω scans shown in Fig. 2 indicate the absence of phase separation for all samples. The presence of Pendellösung fringes around the main peaks is indicative of smooth interfaces. Film thicknesses for both the InGaN and the p-GaN films were confirmed by calculating the average interference fringe spacing based on the Bragg equation. The rocking curves (RCs) for the (0 0 0 2) and (1 01 5) reflections were measured to further characterize the crystalline quality of the InGaN absorbing layers. The full width at half-maximum (FWHM) of these XRD RCs, which are associated with dislocation density, are summarized in Table I . The composition and degree of relaxation of the InGaN films were measured from reciprocal space maps (RSMs) in the vicinity of the (1 01 5) reflection (see Fig. 3 ). The fully strained and fully relaxed lines are represented as vertical and diagonal dashed lines, respectively. The InGaN layers in samples A, B, and C are fully coherent to the n-GaN underlayer. As the thickness increases to 200 nm, the degree of relaxation in the 20% InGaN film (sample D) increases slightly to 28% but is substantially lower than in other growth techniques [16] - [18] . The ability to grow InGaN films with In composition up to 22% and negligible relaxation is attributed to the N-rich MBE growth under low temperature that results in efficient In incorporation, improved defect density, and enhanced optical properties [12] . While the InGaN film remains mostly strained, the slight relaxation degrades the crystal quality as demonstrated by the increase in the RC FWHM. Since strain relaxation results in defect formation that can increase nonradiative recombination and leakage current and, thus, degrade the solar cell performance, the growth of fully strained InGaN films is critical for DHJ cells. Thick, fully-strained InGaN layers are required to maximize light absorption while maintaining good crystal quality. The surface morphology of the devices was investigated by AFM. The AFM images shown in Fig. 4 display smooth surfaces with grainy morphologies typical for N-rich InGaN and MMEgrown p + -GaN films [12] , [13] . The RMS roughness increases with thickness and In content. In samples A and B, pits located at the center of spiral hillocks and associated with threading dislocations are clearly visible. These pits become wider and deeper as the thickness of the InGaN film increases.
The J-V characteristics of the small-area DHJs measured under 1 sun AM1.5 are depicted in Fig. 5(a) . All InGaN/GaN DHJs display photovoltaic and photoconductance effects. To the best of our knowledge, these devices are the first reported InGaN/GaN DHJs grown by RF-plasma MBE. While functional DHJ cells with In content up to 17% have been previously reported [19] , this paper presents the InGaN/GaN DHJ with the highest In content (22%). Table II summarizes the performance characteristics of the various small-area devices under 1 sun AM1.5. As expected, the short-circuit current density (J sc ) increases for thicker cells for both compositions due to enhanced light absorption. As the composition increases from 10% to 20%, J sc is impacted by competing effects. On one hand, light absorption improves due to the reduced bandgap of the InGaN absorbing layer. On the other hand, carrier collection efficiency is impeded by stronger polarizations effects and degraded crystalline quality [7] . These competing effects can be observed in the cells EQE as shown in Fig. 5(b) . While the main spectral response of samples A and B occurs in the range of 360-440 nm, that of samples C and D extends up to ∼500 nm. All these values are consistent with the estimated bandgaps of the absorbing InGaN layers. However, the peak EQE of samples C and D is substantially lower than that of sample A and B. The drop in EQE below 360 nm for all samples corresponds to the absorption edge of the p-GaN top layer.
The performance of large-area and small-area devices was then compared. The large-area devices face leakage-current issues as demonstrated by the low R sh values that negatively affect the opencircuit voltage (V oc ). The shunt issue is modestly improved in small-area devices, where R sh drastically increases, leading to higher values of V oc . The improvement in both R s and R sh results in a rise in the fill factor (FF) for small-area devices. The effect of light intensity on V oc is depicted in Fig. 7 for sample B. As the concentration factor increases, V oc drastically increases for both large-area and small-area devices. The experimental data are fitted with a logarithmic function with a slope S = nkT/q corresponding to an ideality factor n ∼ 9.4 for large-area devices and n ∼ 6.8 for small-area devices. These high ideality factors are most likely due to tunneling through p-GaN/i-InGaN interface states [20] , [21] . The interface states may also result in lower R sh . The combined effects of leakage current and tunneling through interface states due to the formation of defects in the InGaN absorbing layer have a detrimental impact on J sc and V oc . Despite these issues, sample B shows a highly promising V oc of 1.5 V under ∼20× light concentration.
Due to the high ideality factor associated with interface states and the strain relaxation generating defects, these experimental results indicate that the pathway for improved III-nitride solar cell performance is thick homojunction structures, as predicted previously by simulations [9] .
IV. CONCLUSION
The growth, characterization, and testing of InGaN/GaN DHJ solar cells with ∼50-and 200-nm-thick InGaN films with ∼10% and ∼20% In content has been demonstrated. While the leakage current and poor ideality factors are limiting the performance of the cells, the four devices exhibit promising photovoltaic and photoconductance effects. The performance of large-area and small-area devices was compared. As expected, the shunt issue is improved in small-area cells leading to higher V oc . To the best of our knowledge, the 22% InGaN cell presented in this paper is the InGaN/GaN DHJ device with the highest In content reported in the literature.
